Abstract. The vertical equivalent winds (VEWs) at the F-layer are analyzed along the 120 • -150 • E longitude sector with an emphasis on their latitudinal dependence. The VEWs are derived from the monthly median data of fourteen ionosonde stations over two decades. The results show that the VEWs have considerable dependences on the magnetic latitude with an approximate symmetry about the magnetic equator. They are mostly controlled by the electric field drifts in the magnetic equatorial region, and shift to be mostly contributed by neutral winds at mid-latitudes. The relative contribution of the two dynamic factors is regulated by the magnetic dip in addition to their own magnitudes. The VEWs generally have opposite directions and different magnitudes between lower and higher latitudes. At solar minimum, the magnitudes of VEWs are only between −20 and 20 m/s at lower latitudes, while at higher latitudes they tend to increase with latitudes, typically having magnitudes between 20-40 m/s. At solar maximum, the VEWs are reduced by about 10-20 m/s in magnitudes during some local times at higher latitudes. A tidal analysis reveals that the relative importance of major tidal components is also different between lower and higher latitudes.
Introduction
Recently, the climatology of thermospheric dynamics has been extensively investigated with the measurements of Fabry-Perot interferometer (FPI), incoherent scatter radar (ISR) and ionosonde (e.g. Buonsanto, 1990; Hagan, 1993; Biondi et al., 1999; Igi et al., 1999; Buonsanto and Witasse, 1999; Kawamura et al., 2000; Emmert et al., 2003; Foppiano et al., 2003) . Up to now, some climatological models of the thermospheric horizontal winds (e.g. Hedin et al., 1996; Miller et al., 1997) and electric field drifts (Scherliess and Fejer, 1999; Zhang et al., 2001 ) have been developed. The study of the thermospheric dynamics is not only required for information on the general thermospheric circulation but also necessary as an important reference for identifying effects under disturbed conditions (Miller et al., 1993; Fejer et al., 2002) .
The basic characteristics of thermospheric dynamics have been well known at low and higher latitudes. At low latitudes, electric fields play an important role in the F region dynamics. A significant feature of equatorial electric field drifts is the pre-reversal enhancement during solar maximum years, while this enhancement is either greatly reduced or completely absent during solar minimum years (Scherliess and Fejer, 1999) . The meridional winds at mid-latitude are consistent with the solar EUV forcing and the consequent latitudinal pressure gradients, namely poleward by day and equatorward at night (Hagan, 1993; Kawamura et al., 2000) . At higher mid-latitudes, the meridional winds can be influenced by the aurorally driven high-latitude circulation cell even under quiet conditions (Hagan, 1993; Emmert et al., 2003) .
The thermospheric dynamics depends on both latitude and longitude, and changes with local time, season, and solar activity. Detailed latitudinal trends of meridional winds are involved in the above climatological works (e.g. Biondi et al., 1999; Emmert et al., 2003; Foppiano et al., 2003) and other investigations (Salah et al., 1987; Oliver et al., 1988; Wickwar, 1989; Miller et al., 1993; Zhang et al., 1995) . Miller et al. (1997) have presented climatology of the F-layer meridional equivalent winds at various stations. Those previous results show that the meridional winds are generally larger at higher latitudes and their diurnal amplitudes increase with latitude, and also present a strong dependence of the latitudinal variations on local time, season and solar activity. However, most of those works either concentrate on only few stations or deal with only a short time period. The climatology of the thermospheric dynamics derived with a uniform method and database over a much broader latitudinal range is very limited.
In this work, we try to present the climatology of the vertical components of equivalent winds (VEWs) with a systemic analysis of their latitudinal dependence over a long period. The VEWs combine both the contributions of E×B drifts and meridional winds. The great differences between the vertical components of equivalent winds (VEWs) and the meridional ones are that the vertical ones are more controlled by electric field drifts at low latitudes and greatly affected by the magnetic inclination at higher latitudes, although both components of the equivalents are regulated by meridional winds. The basic characteristics and solar activity variation of VEWs over Wuhan (114.4 • E, 30.6 • N, Magnetic 20 • N) have been discussed by Liu et al. (2003a, b, c) in detail. Over Wuhan, the VEWs are generally downward by day and upward at night with predominant diurnal and semidiurnal components, and driven by neutral winds more than by electric field drifts (Liu et al., 2003a, b) . The VEWs are larger upward in summer, larger downward in winter, and show an equinox asymmetry at higher solar activity conditions (Liu et al., 2003a) . They tend to decrease with the increase of solar activity both by midday and at midnight, and the daytime trend has a prominent seasonal dependence (Liu et al., 2003c) .
The method of Liu et al. (2003b) is very convenient and fast to derive VEWs from ionosonde measurements. In the present work, ionosonde measurements with a much expanded latitudinal distribution over a long period are used. We deal with the VEWs at magnetic latitudes between 51.2 • S-51.5 • N along the 120 • -150 • E longitude sector. The VEWs at solar minimum and maximum, and their tidal components at solar minimum, are analyzed with an emphasis on their latitudinal dependence. In addition, the VEWs are compared with the similar components estimated from the empirical HWM93 model (Hedin et al., 1996) and the electric field drift model (Scherliess and Fejer, 1999) . The results are also contrasted with previous works involving the F-layer drifts and meridional winds.
Method and data selection
The method for deriving the VEWs from the F-layer peak height (hmF2) and critical frequency (f oF2) has been introduced by Liu et al. (2003b) in detail and applied to discuss the seasonal and solar cycle variations over Wuhan (Liu et al., 2003a, c) . This method adopted the following assumption (Rishbeth et al., 1978) : (1) The topside profile can be described by a function (usually assumed to keep a constant form, for example a Chapman layer); (2) The F 2 layer peak is well above the photoionization production peak; (3) Above the F-layer peak, the dominant ion is O + and decays mainly though reactions with O 2 and N 2 . The VEWs express as Eq. (1)
where the suffix m denotes the value at the peak height; h m , N m and q m are the F2-layer peak height, maximum electron density and ion production rate at the peak height, respectively. W d is the diffusion velocity; I , the magnetic dip; c O 2 and c N 2 , the servo constants; H , the scale height of neutral O atom; a, the factor of the topside profile; a O 2 and a N 2 , the height integral constants. W is the vertical equivalent wind (VEW), combining both the effects of neutral meridional winds (U ) and E east ×B drifts (V N ⊥ ), as follows:
A profile function of the topside ionosphere and the constant c are needed to derive the VEWs. In this work the topside electron profiles are assumed as a Chapman layer. According to the discussion of Buonsanto et al. (1997) , we multiply the constant c introduced from Rishbeth (1967) by a factor of 0.75 and smooth them during the transition time between day and night. The cross section of O + -O collision takes the formula of Pesnell et al. (1993) . The calculation of neutral and ion density and temperature follows the description of Liu et al. (2003a) . The F2 layer peak height is deduced from the hourly median values of M3000F2, f oF2 and f oE with the empirical relationship proposed by Dudency (1983) ; f oE was calculated with a modified version of the CCIR formula (Buonsanto and Titheridge, 1987) if not observed. Data included in this work are from the two CD-ROMs of Ionospheric Digital Database published by the U.S. National Geophysics Data Center (NGDC) in Boulder, Colorado. The CD-ROMs include global ionosonde measurements from 1957 to 1990. The measurements of fourteen ionosonde stations over 22 years are carefully selected. These stations have a good latitudinal distribution along the 120 • -150 • E longitude sector, in which some parts of the East Asia sector 4 1957-1990 are included, as presented in Table 1 . The data are binned according to the solar activity level, month and local time at each station. We define periods with the monthly mean solar 10.7 cm flux index (F107) less and greater than 120 as solar minimum and maximum, respectively. It is a pity that the observations of the southern higher mid-latitude station, Hobart, are often absent during some hours in June and September at solar minimum and we cannot obtain full-day data from Hobart during these two months.
This analysis neglects the possible longitudinal dependence. The HWM93 model predicts little longitudinal variations of the meridional winds except for high latitudes (Titheridge, 1995b) . According to the work of Karpachev et al. (2001) , the longitudinal variation of vertical plasma drifts induced by neutral winds at the 120 • -150 • E sector is less than 10 m/s at mid-latitudes when meridional winds are large enough. There are also possible errors from the uncertainty of atomic oxygen density from the MSIS model (Hedin, 1987) , and the effect of magnetic activity can not be eliminated completely by using the monthly median data. In addition, peak heights derived from ionospheric data (M3000F2, f oF2 and f oE) have a typical uncertainty of 10-20 km, giving an overall error of about 40 m/s in meridional winds (Titheridge, 1995a) , which indicates this error is no more than 20 m/s around mid-latitudes and much smaller at other latitudes, considering the dependence of VEWs on the magnetic inclination. However, since the above errors are random and the ionosphere data are routinely observed for a long period, the total errors may be much smaller.
Results
Generally, the eastward electric fields or equatorward meridional winds contribute to the upward VEWs, while the westward electric field or poleward meridional winds tend to induce downward VEWs (Eq. (2)). As can be seen from Eq. (2), the VEWs may be more controlled by electric field at low latitudes where the magnetic inclination is small, and as expected, the VEWs can be considered as neutral winds at mid-latitude, where the contribution of zonal electric field can be neglected . If not specified, the latitude mentioned refers to magnetic latitude in the following. differences in direction and magnitude of the VEWs between low and higher latitudes are essentially due to the different major dynamical controls, which will be discussed in detail at the Manila and Wakkanai stations (Sect. 4.1). Figure 2 depicts the averaged diurnal and latitudinal variation of VEWs at solar maximum. The behaviors of VEWs are similar to those of solar minimum, but at higher latitudes their magnitudes are reduced by about 20 m/s at some local times, both by day and at night. The detailed comparison of VEWs at particular local hours under two solar activity levels is presented in Sects. 3.3 and 3.4.
The averaged diurnal pattern

The seasonal variation
The VEWs at the two hemispheres tend to be symmetrical about the magnetic equator. However, the extent of the symmetry is relatively better during equinox than solstice periods and by night than during daytime. Seen from Figs. 1 and 2, the nighttime VEWs generally have a good symmetry about the magnetic equator, except that the VEWs are a little stronger in the summer hemisphere (northern June or southern December) than in the winter one (northern December or southern June) after midnight. In contrast, the great asymmetry of daytime VEWs at the two hemispheres is evident in all seasons.
Firstly, it is obvious that, during solstice months, the daytime upward VEWs at lower latitudes depart away from the magnetic equator where they lie during the equinox period, and intrude into the summer hemisphere (Figs. 1 and 2). It can be well explained by the transequatorial meridional winds from the summer to the winter hemisphere (Chan and Walker, 1984) , since the empirical electric field drift model predicts no obvious daytime magnitudes variation of the electric field drifts from summer to winter (Scherliess and Fejer, 1999) . Balan et al. (1995) also reported that the movements of ionization controlled by the electric fields at low lat- itudes are similar at both hemispheres, and that the magnetic meridional winds can lead to significant differences between two hemispheres. The flow from summer to winter hemisphere is just an equatorward flow at the summer hemisphere and a poleward one at the winter hemisphere, which contributes to the upward and downward VEWs, respectively. Secondly, at latitudes higher than about 30 • the daytime VEWs are always larger in magnitudes in the Northern Hemisphere than the Southern Hemisphere, except during the March equinox, and at latitudes between about 10 • and 30 • , the northern daytime VEWs magnitudes are also larger, except in June (Fig. 1) . It is distinct that the northern daytime VEWs' magnitudes are much larger than the southern ones during September and December. The similar feature of large daytime magnitudes of VEWs and meridional equivalent winds during fall and winter were also reported at Wuhan (Liu et al., 2003a) and Kokubunji (Igi et al., 1999) , respectively.
Besides the effect of apparent transequatorial meridional winds during the solstice period, the discrepancy of geographical latitudes between the two hemispheres may be partly responsible for the great asymmetry of daytime VEWs. Because of the displacement of the geographical equator from the geomagnetic one at this longitude sector, at the same magnetic latitude in two hemispheres, the southern ones are closer to the geographical equator. This proximity makes the southern magnetic latitudes lie at lower geographical latitudes than the northern ones. Hence, the two hemispheres divided by magnetic equator may absorb different solar heat in-site even during equinox periods. On the other hand, if the daytime VEWs tend to increase with geographic latitude, it will be reasonable that the daytime VEWs are generally larger in the Northern Hemisphere. Therefore, it can be concluded that the daytime VEWs may be influenced more significantly by the geographic than the magnetic latitudes. During nighttime, better symmetries of VEWs about the magnetic equator suggest that the VEWs are more dependent on magnetic latitudes. The latitudinal dependence of the VEWs during day and night agrees with the indication of Miller et al. (1997) for the meridional equivalent winds.
The local time and solar activity variation
To further understand the latitudinal dependence of VEWs, Figs. 3 and 4 depict a snapshot of VEWs at particular local times during night and day at two solar activity levels. We do not discuss the VEWs during sunset and sunrise hours to avoid the possible uncertainty due to the rapid change in ionospheric processes (Titheridge, 1995a) .
At higher latitudes, the nighttime VEWs magnitudes are relatively larger after midnight, while the daytime ones are greater before midday at both solar minimum and maximum (Figs. 3 and 4) . At the same time, the tendency of VEWs increasing with latitude at higher latitudes (the higher the latitude, the larger the magnitudes of the VEWs, or a maximum at the highest latitude as far as the latitude are concerned in present work) also appears at most post-midnight hours and hours before midday. But the VEWs do not simply enhance in magnitude with latitude at higher latitudes. The latitudinal dependence of VEWs has two prevailing trends. In addition to the one of a maximum at the highest latitudes, the VEWs also show an apparent feature of a mid-latitude maximum, namely strongest at the mid-latitudes at both hemispheres, mostly between about 30 • -40 • . After midday and before midnight, the second latitudinal trend appears with much more frequency than the first one, just in contrast with the periods when relatively stronger VEWs appear, except during daytime in winter solstice.
An inverse relationship between the VEWs and the solar activity is evident during both daytime and nighttime, similar to the results over Wuhan (Liu et al., 2003c) while different from the meridional winds predicted by the HWM model (Hagan, 1993; Buonsanto and Witasse, 1999) . However, the latitudinal trend of VEWs is significantly dependent on season, and relatively less dependent on local time and solar activity. During solstice periods either of the two trends (a maximum at the highest latitude (MH) and a mid-latitude maximum (MM)) dominates both by day and at night at whatever solar activity level, while the latitudinal trend is very complex during equinox periods, changing with local time, solar activity and hemisphere (Figs. 3 and 4) . The dependences of the latitudinal trend on hemisphere, local time, season, and solar activity are described in detail by Table 2 . Compared to the nighttime trend, the daytime one has nearly opposite dependences on season during solstice periods.
To sum up, the mid-latitude maximum trend (MM) appears at a considered part of local hours during nighttime and by day in both hemispheres at whatever solar activity level (Table 2) . It may be explained in part by the effect of the magnetic inclination. The most valid contribution of neutral meridional winds to VEWs lies at lower mid-latitude (near magnetic 23 • ), where the dip angle equals 45 • , although the magnitudes of neutral meridional winds may be greatest at the highest latitudes, as predicted at midnight in the Northern Hemisphere and at noon in the Southern Hemisphere by the HWM90 model . A mid-latitude maximum trend of meridional winds is also the possible reason, as predicted at midnight in the Southern Hemisphere and at noon in the Northern Hemisphere by HWM90 model . Given the dip angle, the latitudinal trend of a maximum at the highest latitude for VEWs indicates a much larger latitudinal gradient of meridional winds.
The latitudinal gradient of VEWs
Twelve stations with a magnetic latitude interval of about 4 • -16 • are singled out to derive the latitudinal gradient of VEWs. The gradients are attained from the ratio of (V EW s)/ (latitude) and the final results are from a polynomial fit of five degree. The relatively larger latitude interval between Vanimo (Magnetic 12.1 • S) and Townsville (Magnetic 28.4 • S) may introduce some uncertainty. To see clearly the regulation of the magnetic inclination on the VEWs, the related magnetic inclination angles are used as the label of abscissa axis rather than the magnetic latitudes. For higher latitudes, if the electric field drifts are insignificant and the relationship between the dip (I ) and the magnetic latitude (ϕ) are assumed astan I =2 tan ϕ, then the latitudinal gradient of VEWs can be estimated as follows:
where U is the meridional winds; I is the magnetic dip between about 34 • -75 • in both hemispheres and ϕ is the magnetic latitude between about 51 • S-51 • N. In the right side of Eq. (3), the coefficients of the second term 0.75 cos 2 (2I )+1.25 cos(2I ) decrease from about 0.52 to −0.52 with the dip angles at both hemispheres. Figure 5 depicts the derived results in March, September, June and December for hours near noon and midnight. A positive (negative) gradient means an increase (decrease) pattern of VEWs with latitudes. The maximum gradients tend to appear at dip angles near 45 • , with magnitudes varying between 1.0-2.6 m/s per latitude degree near midday at solar minimum and typically about 2.0 m/s per latitude degree at night. These gradients of VEWs indicate the same magnitudes of the meridional wind gradients, which are consistent with the results for diurnal amplitude of meridional winds (1 m/s per degree of latitudes) in June, 1987 (Miller et al., 1993) . However, strong gradients appear around midnight at southern higher mid-latitudes (I ≈70 • ) during all seasons in solar maximum and during December in solar minimum, and the most significant value can reach about 3 m/s per latitude degree in March and June, indicating very strong meridional gradients (see Eq. (3)). Similarly, the strong meridional gradients have been reported by Salah et al. (1987) very significant latitudinal gradients for meridional winds at all seasons, especially during equinox periods at solar minimum. The strong positive latitudinal gradients for VEWs and meridional winds at southern higher mid-latitudes suggest an influence by the high-latitude magnetospheric convection (Hagan, 1993; Emmert et al., 2003) . Strong gradients also appear at higher mid-latitudes during summer solstice periods near noon. The latitudinal gradients of VEWs depend on solar activity more significantly by day than during nighttime ( Fig. 5) , and they can well reflect the latitudinal trend of VEWs. In agreement with the trend of a mid-latitude maximum for VEWs, the transition from positive to negative gradient (if exist) generally lies near dip angles of about 60 • . The always positive gradients at higher latitudes represent the other latitudinal trend of VEWs, a maximum at the highest latitudes. At night, the latitudinal gradients are generally equal at solar maximum and minimum, except that they are a little smaller at southern higher latitudes at solar minimum. Apparent negative gradients appear at northern higher mid-latitudes in summer solstice, in agreement with the obvious latitudinal trend of a mid-latitude maximum of VEWs. The apparent features during daytime are that the gradients at higher mid-latitudes are significantly positive in summer solstice and negative in winter solstice at solar minimum. The features are similar at solar maximum while the latitudinal gradients are much smaller. In addition, the gradients tend to be smaller in September and March at both hemispheres during hours between 12:00-14:00 LT, consistent with small magnitudes of VEWs (Fig. 4) .
Tidal analysis
Except for June and September at Hobart, the data at fourteen stations are used to derive the monthly mean velocities of VEWs and to investigate the first three tidal components with a least-square harmonic analysis, which has been used for investigating the seasonal variations of VEWs over Wuhan (Liu et al., 2003a) , as follows:
where n is the order of tidal components, W n and n is the amplitude and initial phase of the n-th order component, respectively; ω=2π/24, the diurnal frequency. W 0 is the diurnal mean or the prevailing component of VEWs; l(e) is the error term.
To learn more about the behavior of VEWs during the solstice periods, we take the VEWs at solar minimum as examples and the results are listed in Table 3 . The mean velocities of VEWs are generally positive in summer solstice (northern June and southern December) and negative or small positive in winter solstice, in agreement with the results of meridional winds (Buonsanto, 1990; Buonsanto and Witasse, 1999; Foppiano et al., 2003) . It suggests net flows transfer from the summer to the winter hemisphere. But it differs from the results of Igi et al. (1999) that the diurnal mean of meridional equivalent winds at Kokubunji is most strongly poleward in June and most strongly equatorward in November. There is also an exception at Yakutsk (129.6 • E, 62.0 • N, Magnetic 51.5 • N), where the relationship between summer and winter mean is opposite. This abnormity may be due to the proximity of Yakutsk to the polar region. Moreover, no clear latitudinal dependence of diurnal mean is found.
The diurnal amplitudes generally increase with latitude at both hemispheres (Table 3) , in agreement with those of the meridional winds for June, 1987 (Miller et al., 1993) . For higher latitudes, the diurnal phases tend to be constant, varying between 13.2 h and 15.9 h (UT) at the Northern Hemisphere and between 12.5 h and 14.1 h (UT) at the Southern Hemisphere. Miller et al. (1993) included more stations at other longitude sectors and their results of the averaged diurnal phases are a little advanced, nearly 13.3 h and 12.0 h in the Northern and Southern Hemisphere, respectively. As shown in Table 3 , diurnal amplitudes are much higher in winter than in summer solstice months at the Southern Hemisphere, similar to the results of three higher mid-latitude stations in the Southern Hemisphere (Foppiano et al., 2003) at solar minimum, while they are comparable at the Northern Hemisphere. The semidiurnal and terdiurnal amplitudes are relatively insignificant, except at equatorial and low latitudes, where the tidal amplitudes are small. At higher latitudes, the diurnal amplitudes are larger than the semidiurnal amplitudes for all seasons. This is also similar to the results of Foppiano et al. (2003) . At low latitudes near the magnetic equator, the semidiurnal and terdiurnal amplitudes are considerable and even larger than the diurnal ones (e.g. at Manila and Vanimo) . Similarly, the significant semidiurnal amplitude is also reported over Wuhan (Liu et al., 2003a) . Therefore, the relative importance between major tidal amplitudes are different between low and higher latitudes, which also confirms an considerable difference between these two latitudinal ranges, as shown in Figs. 1 and 2 .
Comparison and discussions
Comparison with the prediction of empirical models
To validate the parameters used in the present work and to see clear the major dynamical control of VEWs, Figs. 6a-6d exhibit a detailed comparison of the VEWs with the similar components estimated from empirical models in March. The VEWs at Manila (121.1 • E, 14.7 • N, Magnetic 3.9 • N) and Wakkanai (141.7 • E, 45.4 • N, Magnetic 35.8 • N) are selected as samples for equatorial latitude and mid-latitude, respectively. The similar components are estimated from the lowand middle-latitude horizontal wind model HWM93 (Hedin et al., 1996) and the empirical electric field drift model for equatorial latitude (Scherliess and Fejer, 1999) , including: (1) the vertical components of the electric field drifts (E Drifts) and of the meridional winds (HWM), and (2) the superposition of E Drifts and HWM, namely empirical equivalent winds (EEWs). The VEWs generally agree well with EEWs at these two sites, especially in the local time variation, though some discrepancies exist in magnitudes.
At Manila (Figs. 6b and 6d ), the VEWs are in good agreement with EEWs at solar maximum and minimum, except that the VEWs are smaller in magnitude during daytime. Similar to previous results inferred from ionosonde observations at solar maximum (Fejer et al., 1989) , the VEWs are about half of the EEWs in magnitudes of the prereversal enhancement at solar maximum (Fig. 6b) . The prereversal velocity of VEWs is almost absent at solar minimum, which is consistent with EEWs.
From late evening to early morning hours (∼19:00-06:00 LT), the VEWs are in general agreement with the only contribution of electric field drifts (E Drifts). Differently, in many previous works, the electric field drifts are mostly derived from the time dependence of the h'F data, and those results are reported to be reliable only during sunset and evening hours (Bittencount and Abdu, 1981; Fejer et al., 1989) . At present work, the difference in magnitudes of night VEWs and E Drifts may be induced by the effect the meridional winds. The longitudinal variation of the electric field drifts is another possible reason (Scherliess and Fejer, 1999) . During daytime, the magnitude differences between the VEWs and E Drifts are larger than those between the VEWs and EEWs, which may also be explained by the possible longitude effect of the electric field drifts and the considerable contribution of neutral winds. The latter is predicted by the HWM93 model. At equatorial latitudes near the longitude sector in question, a simulation by Chan and Walker (1984) also predicted a strong transequatorial winds throughout the daytime. In additon, the dip angle at Manila is about 14 • . However, the similar temporal variation tendency between the VEWs and E Drifts presents a major contribution of electric field drifts. Better agreements between the VEWs and E Drifts can be expected if the dip is smaller.
At Wakkanai, the VEWs approach the maximum smoothly at midnight and tend to have two peaks during daytime, an early daylight one and a late afternoon one (Figs. 6a and 6c) , Scherliess and Fejer (1999) and the neutral meridional winds are from the HWM93 model (Hedin et al., 1996) . Positive upward. during solar minimum and maximum years at Manila, respectively. E Drifts (dashed) and HWM (solid lines with circled) note the vertical components of empirical electric field drifts and of meridional winds, respectively. EEWs notes the combination of E Drifts and HWM, namely empirical equivalent winds (dotted). The electric field drifts are estimated from the model of Scherliess and Fejer (1999) and the neutral meridional winds are from the HWM93 model (Hedin et al., 1996) . Positive upward. Scherliess and Fejer (1999) . Positive upward. Fig. 7 . The empirical equivalent winds (EEWs) at solar minimum estimated from the HWM93 model and the empirical electric field drift model by Scherliess and Fejer (1999) . Positive upward.
very similar to the meridional winds derived from the MU radar measurements in Japan (Kawamura et al., 2000) . In comparison with EEWs, the VEWs are more downward during sunrise period and upward during sunset period at solar minimum, while they are much smaller during daytime at solar maximum. These discrepancies are also very similar to the comparison by Kawamura et al. As expected, there is almost no difference between EEWs and the contribution of neutral components, HWM (Figs. 6a and 6c) , which show that the electric field drifts contribute little to VEWs.
The two examples above show that the contribution of neutral components increases with latitudes. At the lower midlatitude station of Wuhan, the VEWs are also reported to be mostly driven by neutral winds and vary consistently with neutral components (Liu et al., 2003a, b) . At lower latitudes, neither electric field drifts nor neutral meridional winds can dominate the VEWs and greater discrepancy between the VEWs and EEWs appears at some local times. Great discrepancy also appears at higher mid-latitudes (not present here). The possible reason may be the less reliability of the wind and electric field model at those respective latitudes.
Corresponding to Fig. 1, Fig. 7 presents the variation of the empirical equivalent winds (EEWs) at all analyzed stations during solar minimum years. The EEWs are similar to the VEWs in the Northern Hemisphere at night, while great discrepancy in magnitude appears by day. The EEWs are not approximately symmetrical about the magnetic equator. First, in equinoctial months, the approximate symmetry center of EEWs departs from the magnetic equator, locating at magnetic latitudes between 0 • -10 • S, and mostly near 10 • S. Second, during daytime, the flow in the summer hemisphere is almost upward. Finally, at night the EEWs are generally smaller by a magnitude of about 20 m/s in the Southern Hemisphere than in the Northern Hemisphere. This may be partly attributed to poor predictions of HWM93 in the Southern Hemisphere because of a sparse database, which has already been pointed out by many authors (Titheridge, 1995b; Miller et al., 1997) . Another reason may be that the empirical electric field drift model is less reliable beyond equatorial and low latitudes. In addition, the daytime EEWs are more significant than VEWs at equatorial and low latitudes in summer solstice, consistent with the comparison presented at Manila (Figs. 6b and 6d ).
Comparison with published results
Compared to the meridional equivalent winds from , the VEWs have similar latitudinal and solar activity dependences and symmetry about magnetic latitudes at night. But the daytime behavior has a great difference. The VEWs tend to have a reverse relationship with solar activity during daytime as they do at night, consistent with trends of the meridional winds based on the MU radar measurements in Japan (Kawamura et al., 2000) . But Miller et al. pre- dicted that the daytime equivalent winds increase with solar flux near winter solstice in the Southern Hemisphere and have no clear solar cycle dependence in the Northern Hemisphere. At northern higher latitudes, their results show that the equivalent winds increase rapidly with latitudes at noon. Differently, under the same conditions, the VEWs only increase quickly with latitudes in June and September, enhance slowly in other months, and diminish at higher mid-latitudes in winter solstice at both hemispheres (Fig. 4) . The dependence of daytime winds on solar activity and latitude still needs further investigation. and Chapman-β (β-VEWs) electron density profiles, and also empirical equivalent winds (EEWs) in September at two solar activity levels at Manila (bottom panel).
The effect of assumed topside electron density
The well-known electron density profiles of Chapman-α and Chapman-β distribution represent two important ideal cases of the square-law formula loss processes and linear loss processes, respectively. The Chapman-α layer has been assumed to be a topside profile and successfully applied to derive meridional equivalent winds by servo techniques at higher latitudes (Risbeth, 1978; Buonsanto et al., 1990 Buonsanto et al., , 1997 , and also adopted to derive VEWs over Wuhan (114.4 • E, 30.6 • N, Magnetic 20 • N) with our method (Liu et al., 2003a, b, c) . In this work, using either of the two profiles can lead to similar VEWs, except for a typical difference of 10 m/s in magnitude. Under the same conditions, the difference using these two profiles generally appears at around midnight at low latitudes and near the sunrise and sunset period at higher latitudes when the F layer peak height is relatively low. The difference can reach 30 m/s at low latitudes and 20 m/s at higher mid-latitudes, appearing at September at solar maximum. Figure 8 shows the comparison of VEWs using Chapman-β and Chapman-α distribution for the topside profiles (β-VEWs and α-VEWs, respectively) and the related averaged hmF2 at Manila during September under two solar activity levels. In comparison with EEWs, the VEWs using Chapman-α distribution seem to greatly overestimate the nighttime VEWs, when the F2 layer peak height is relatively low, though having a good agreement with EEWs during the daytime at solar maximum. Under the assumption of Chapman-β electron density distribution, our calculated equivalent winds have general agreements with empirical model prediction at their valid latitudes both at solar minimum and maximum (Figs. 6a-6d) . A future work will try to use more reliable topside electron profiles and other parameters to improve the results, especially when chemical processes are important at relatively lower peak heights.
Conclusions
Based on the ionosonde measurements for more than two decades, the climatology of the vertical equivalent winds (VEWs) along the 120 • -150 • E longitude sector is investigated with an emphasis on their latitudinal dependence. The VEWs are strongly dependent on magnetic latitude. The dependence of their latitudinal trends on local time, season and solar activity are also discussed in detail. The features of VEWs have considerable differences between the lower and higher latitudes in their direction, magnitude and also the solar activity dependence, as well as the relative importance between the major tidal components. Besides the magnitudes of meridional winds and zonal electric field drifts, the magnetic dip modulates the relative contributions between the neutral and electric field components. The VEWs are more controlled by electric field at low latitudes and by neutral meridional winds at higher latitudes.
The basic latitudinal dependences of VEWs are their approximate symmetry about the magnetic equator and larger magnitudes at higher latitudes, with a maximum occurring at around magnetic mid-latitudes (about 30 • -40 • in a considerable percentage of local hours during daytime and nighttime). The extent of the symmetry is relatively better during equinox than solstice periods and at night than by day. During solstice periods, pronounced transequatorial meridional winds are indicated by the VEWs.
The latitudinal dependence of VEWs has two prevailing trends: one is a mid-latitude maximum and the other is a maximum at the highest latitude (the higher the latitude, the larger the magnitudes, as far as the latitudes are concerned in the present work). These two trends depend mainly on seasons while partly on local time and solar activity as well. The derived latitudinal gradient of VEWs reflects well the latitudinal dependence of the VEWs. The VEWs at southern higher mid-latitudes show very strong latitudinal gradient and indicate significant latitudinal gradient of meridional winds.
Our results are based on some assumptions similar to the servo method (Rishbeth et al., 1978) , including an approximate topside profile of the electron density. The VEWs are compared with the corresponding components estimated from empirical models at both equatorial latitude and midlatitude in detail, where it is appropriate to apply the empirical models. The similar comparison is also carried out over an expanded latitudinal range. Moreover, our results are compared with related published results. General agreements, as well as some discrepancies, are found in the comparisons above. A more practical topside profile of the electron density may improve our results.
